Motivated by the recent discovery of superconductivity in the Sr-doped layered nickelate NdNiO2, we perform a systematic computational materials design of layered nickelates that are dynamically stable and whose electronic structure better mimics the electronic structure of high-Tc cuprates than NdNiO2. While the Ni 3d orbitals are self-doped from the d 9 configuration in NdNiO2 and the Nd-layer states form Fermi pockets, we find more than 10 promising compounds for which the self-doping is almost or even completely suppressed. We derive effective single-band models for those materials and find that they are in the strongly-correlated regime. We also investigate the possibility of palladate analogues of high-Tc cuprates. Once synthesized, these nickelates and palladates will provide a firm ground for studying superconductivity in the Mott-Hubbard regime of the Zaanen-Sawatzky-Allen classification. arXiv:1910.03974v1 [cond-mat.supr-con] 
I. INTRODUCTION
The recent discovery of superconductivity in the Srdoped nickelate NdNiO 2 [1] offers a new exciting platform for investigating unconventional superconductivity in layered correlated materials, thus prompting active theoretical and experimental studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Here, one fascinating avenue to explore is computational materials design of new nickelate superconductors exploiting the layered crystal structure. Since NdNiO 2 has alternate stacks of the superconducting NiO 2 layer and the Nd layer, we can design different nickelate superconductors by replacing the Nd layer. Indeed, for layered superconductors such as high transition-temperature (T c ) cuprates [17] , iron-based superconductors [18] , BiS 2 superconductors [19] , a rich variety of families exhibiting different physical properties have been discovered. While superconductivity has been observed only in Sr-doped NdNiO 2 so far, discovery of other nickelate superconductors would have a great impact on the studies not only of nickelates but also of other layered transition-metal oxides.
Although the low-energy electronic structure of NdNiO 2 is quite similar to that of high-T c cuprates, there is a distinct difference; extra states cross the Fermi level and induces the self-doping of the Ni 3d x 2 −y 2 orbital [2, 8, 12, 20] . In particular, the Fermi pocket around the A point in the Brillouin zone is noticeable which is formed by the bonding orbital between the interstitial s state formed in the Nd layer and the Nd 5d xy state (see Fig. 1 ). We have recently shown that the size of the extra Fermi pocket can be reduced by changing the Nd layer with other anion layers [8] . This finding motivated us to seek even better compositions and structures that do not * motoaki.hirayama@riken.jp † TADANO.Terumasa@nims.go.jp form Fermi pockets and make the valence of Ni almost or even exactly +1.
In this paper, we present a systematic computational search for new layered nickelates that are dynamically stable and whose electronic structure well mimics that of high-T c cuprates. When designing possible new structures of layered nickelates in a controlled and systematic way, we refer to the seminal work by Tokura and Arima in 1990 for high-T c cuprates [21] . There, they introduced the concept of "block layer" (BL), which is an atomic layer composed of metallic ions and oxygens or halogens, for classifying and designing the crystal structures of high-T c cuprates. Among the 14 BLs they proposed, 10 BLs contain apical oxygen, which is harmful to realizing the valence of Ni 1+ (or equivalently d 9 configuration). Therefore, we focus on the other four BLs, which are free from apical oxygens, as a building block of nickelates. The constituent elements of the four BLs are also generated systematically by considering the requirements of the valence of a BL.
Based on our design principle, we systematically generate 57 new layered nickelates. To make our computational prediction more reliable, we assess the dynamical stability of these nickelates by performing comprehensive phonon calculations and show that 16 nickelates are indeed dynamically stable. For the selected dynamically stable systems, we further derive effective single-band Hamiltonians and compare them with that for NdNiO 2 . We show that all of the newly proposed nickelates reside in the strongly correlated regime without forming an extra Fermi pocket as large as that of NdNiO 2 . Indeed, some nickelates have no extra Fermi pocket other than the Ni 3d x 2 −y 2 band and better mimic the band structure of high-T c cuprates. In such nickelates, a single-band Hubbard model will give a good description because the Ni 3d x 2 −y 2 band is well isolated from the other 3d bands, and the charge transfer energy is large. Therefore, they provide, once synthesized, a better platform for studying superconductivity in the Mott-Hubbard regime, which will also help the understanding of the superconductivity in high-T c cuprates realized in the charge-transfer regime.
The structure of the paper is as follows. After briefly discussing the origin of the extra Fermi pocket observed in NdNiO 2 in Sec. II, we describe our detailed strategy for the materials design in Secs. III and IV. In Sec. V, we identify the dynamically stable materials by performing ab initio phonon calculations. We then present the electronic structure of the stable materials in Sec. VI and derive effective single-band models in Sec. VII. In Sec. VIII, we further extend our systematic search to Pd oxides (palladates). Sec. IX is devoted to the summary of the present study.
II. ORIGIN OF EXTRA FERMI POCKET IN NdNiO2
We first discuss the origin of the large extra Fermi pocket in the low-energy electronic structure of NdNiO 2 . Figure 1 (a) shows the calculated electronic band structure of NdNiO 2 . While the electronic structure of NdNiO 2 looks very similar to that of high-T c cuprates in that the Ni 3d x 2 −y 2 orbital makes a large twodimensional Fermi surface, one notable difference exists: the presence of extra states intersecting the Fermi level. In particular, the extra Fermi pocket around the A point of the Brillouin zone is noteworthy, which is formed by the bonding state between the interstitial s-like orbital and the Nd 5d xy orbital shown respectively in Figs. 1(d) and 1(e). The hybridization between the bonding state and the Ni 3d x 2 −y 2 orbital is small [8] , but the formation of the extra Fermi pocket induces the self-doping of the Ni 3d x 2 −y 2 orbital [2, 8, 12, 20] .
The presence of the extra Fermi pocket can mainly be attributed to the relatively high energy level of the Ni 3d x 2 −y 2 orbital of the NiO 2 layer compared with that of the Cu 3d x 2 −y 2 orbital in a CuO 2 layer. To realize the d 9 electron configuration in a NiO 2 or CuO 2 plane, the valence of Ni and Cu must be +1 and +2, respectively. Since the most common oxidation state of these transition metals is +2, (NiO 2 ) 3− is energetically less stable than (CuO 2 ) 2− , making the energy level of the Ni 3d x 2 −y 2 orbital higher than that of the Cu 3d x 2 −y 2 orbital.
Since it is difficult to control the energy level of the Ni 3d x 2 −y 2 orbital, our strategy here is to lift the energy level of the bonding orbital around the A point and thereby remove the extra Fermi pocket. The energy level of the bonding orbital will be lifted by
• raising the energy level of the interstitial s and the cation d xy orbitals.
• reducing the band splitting between the bonding and antibonding orbitals.
It can be achieved by replacing the Nd layer with other layers, which affects both of the above two factors [8] . ,(e) Wannier function of the interstitial s orbital and the Nd 5dxy orbital, respectively. The calculation is performed by using OpenMX [22] (see Appendix A for the computational details).
III. CHOICE OF BLOCK LAYERS
In this section, we discuss how we generate new layered nickelate structures that can potentially realize an ideal d 9 configuration where only the Ni 3d x 2 −y 2 band forms the Fermi surface. To achieve the structure generation in a systematic and controlled way, we refer to the work of Tokura and Arima for high T c cuprates [21] , where they introduced the concept of "Block Layer" (BL) for classifying and designing crystal structures of cuprates. According to their classification, there are 14 types of BLs. Among them, 10 types of BLs contain apical oxy-gen. However, the valence of Ni cannot be monovalent when it is surrounded by six oxygen atoms. Therefore, we hereafter consider the other 4 BLs that are free from apical oxygen and use their appropriate variants as a building block of new layered nickelates. The considered BLs are the V-, G-, H 1 -and H 2 -type BLs in Ref. 21 , whose crystal structures are shown in Fig. 2 . Here, the gray and black spheres in the rectangular box represent cations and anions, respectively (see Table I To realize an ideal d 9 configuration of Ni, we need to prevent the BL band from making the Fermi surface. Since the energy level of the Ni 3d x 2 −y 2 orbital is close to the conduction band, the cation elements in the BL should be chosen carefully so that the energy level of the BL band becomes sufficiently high. Therefore, for the cations in BLs, we use elements in the 1-3 groups (such as Sr and La), which strongly favors closed shell. This is in stark contrast with the case of the high-T c cuprates, where elements in the 11-13 groups (such as Hg and Tl) can be used as cations in the BLs thanks to the larger work function of Cu 2+ . 
IV. CRYSTAL STRUCTURE OF CANDIDATE MATERIALS
Let us now assemble the NiO 2 layer and the BLs considered in the previous section. As is listed in Table I , there are five possible families. For the V-type BL in high-T c cuprates, divalent cations such as Ca 2+ have been considered. In the case of nickelates, the cation should be trivalent to make the valence of the NiO 2 layer be 3−. Indeed, the 112 family, which has already been synthesized experimentally [23] [24] [25] [26] , contains a V-type BL consisting of La 3+ or Nd 3+ . Since the work function of these elements is not sufficiently small, the NiO 2 layer in the 112 family is self-doped and electrons in the BL form Fermi pockets around the Γ and A points.
Regarding the H 1 -type BL in high-T c cuprates, a halogen layer sandwiched by two layers of divalent cations such as Sr 2+ and Ba 2+ has been considered. However, the formation of a stable square CuO 2 plane has not been reported for the H 1 -type BLs, with which lowersymmetry structures are favored [27] . Here, to improve the stability of layered nickelates with the H 1 -type BLs, we consider two variants of the original H 1 structure. In AB 2 NiO 4 (1214 family, Fig. 3(b) ), we replace the divalent cation with a trivalent cation B, and the halogen layer is replaced with an (AO 2 ) 3− layer with A being a monovalent cation. In AB 2 NiO 3 (1213 family, Fig. 3 (c)), we consider divalent cation B, and the halogen layer is replaced with an (AO) − layer.
The G-type block can be seen in the mother compound of the n-type cuprate superconductor with the T'structure [28] . The multilayer nickeates Nd 4 Ni 3 O 8 [29] [30] [31] and La 3 Ni 2 O 6 [32] can be regarded as a stacked heterostructure of the V-type and G-type blocks. While the valence of the G-type block (Ln 2 O 2 ) is 2+, we need a BL with a valence of 3+. Thus we consider the following two variants of the G-type block. One is A 2 B 2 , where A is a trivalent cation, such as Y, La, Nd, Lu, and B is an anion with a valence of 1.5− (see Fig. 3(d) ). This situation can be realized when B is O 0.5 F 0.5 or O 0.5 H 0.5 . Another possibility is B =O 0.75 0.25 , i.e., the situation where 25% of the B -sites are vacant. The other variant is A 2 B 2 , where A is a cation with a valence of 2.5+ and B is a halogen such as F, Cl, Br and I (see Fig. 3 (e)). The valence of 2.5+ can be realized by mixing the divalent and trivalent cations with the ratio 1:1. Another possibility is that 5/6 of the A sites are occupied by a 3+ cation and 1/6 are vacant. In the present study, for A , we consider the case of Ba 0.5 La 0.5 .
Finally, let us consider the possibility of the H 2 -type family. Again, while the H 2 -type BL in high-T c cuprate is divalent, we need a trivalent BL for nickelates. Figure 3(f) shows the crystal structure of A 2 NiO 2 B 2 , where A is a cation with a valence of 2.5+. As in the case of the G-family, we consider Ba 0.5 La 0.5 as A . 
V. DYNAMICAL STABILITY
In the previous section, we have systematically generated 57 new layered nickelates following our design principles. To assess the dynamical stability of these 57 layered nickelates of Table I , here we perform ab initio phonon calculations of these structures. The calculated phonon dispersion curves of 57 nickelates are shown in Fig. 4 , where the curves of 16 dynamically stable materials are shown with blue lines.
Among the explored 1214-family nickelates, only LiNd 2 NiO 4 and LiLa 2 NiO 4 are predicted to be dynamically stable, as shown in Fig. 4(a) . For the A site cation, Li 1+ is preferable because its ionic radius is the closest to that of Ni 1+ , resulting in a good matching of the in-plane lattice constant between the NiO 2 and LiO 2 layers (see Fig. 3(b) ). With increasing the A site ionic radius, the instability of phonon modes enhances due to the increase in the lattice mismatch. When A = Li, the structure becomes dynamically stable if the B site cation is either Nd or La. This result is reasonable because the ionic radii of Nd 3+ and La 3+ are similar. Since the ionic radius of Y 3+ is also similar to that of Nd 3+ but somewhat smaller, LiY 2 NiO 4 has unstable phonon modes around the Γ and M points. These soft modes respectively correspond to the distortion of the oxygen atoms in the in-plane and out-of-plane directions. Since the instability of these soft modes is rather weak, applying tensile or compressive strain to LiY 2 NiO 4 , for example, by growing it on a substrate, may stabilize the P 4/mmm structure. 
large cation is preferred for the A site in the 1213 family because the number of atoms in the AO layer is less than that of the NiO 2 layer. The structures with Cs become unstable probably because the ionic radius of Cs + is too large for the A site. When A = K or Rb, the structure is stable if B site is either Ca, Sr, Ba, or Yb. The ionic radii of Ca 2+ and Sr 2+ are close to those of Nd 3+ and La 3+ which are used as the V block in the stable 112 family. When B = Mg, the structure becomes unstable irrespective of types of the A site cation, which can be attributed to the small ionic radius of Mg 2+ . Also, the large electronegativity of Mg, which is larger than that of the other alkaline earth elements, tends to hamper the formation of a stable Mg 2+ cation. Among the studied four G-family A 2 NiO 2 B 2 nickelates, La 2 NiO 2 B 2 and Nd 2 NiO 2 B 2 are predicted to be dynamically stable, and the other two compositions are unstable. This result is again reasonable considering that LaNiO 2 and NdNiO 2 have been synthesized, whereas the other two have not been reported so far. Since the ionic radii of Y 3+ and Lu 3+ are somewhat smaller than that of Nd 3+ , the phonon mode around the X and P points, which involves in-plane distortion of the oxygen and B atoms, become unstable and the I4/mmm structure changes into a lower-symmetry structure.
Next, we discuss the dynamical stability of the Gfamily (T'-type structure) and H 2 -family (T-type structure) A 2 NiO 2 B 2 nickelates. As can be seen in the right panels of Fig. 4 (c) and the panels of Fig. 4(d) , the dynamically stable structure changes clearly depending on the halogen atoms; the G-type structure is stable only when B = F, while the H 2 -type structure is stable when B = Cl, Br, or I. Interestingly, our computational prediction is consistent with the experimental findings on the related compounds. For example, Sr 2 CuO 2 F 2 and Ba 2 PdO 2 F 2 crystallize in the G-type structure [33, 34] , whereas Sr 2 CuO 2 Cl 2 and Ba 2 PdO 2 Cl 2 display the H 2type structure [35] [36] [37] . We can infer from these consistent results that the H 2 -type structure tends to become more stable than the G-type structure with increasing the halogen ion radius.
Our systematic ab initio phonon calculations predict that 16 compositions out of 57 are dynamically stable. The dynamically stable compositions are LiNd 2 NiO 4 ,
Although the dynamical stability does not guarantee the synthesizability of materials, dynamically stable materials are, at least, metastable. Indeed, metastable phases appear ubiquitously [38] . Therefore, we believe that the predicted metastable nickelates can be synthesized by using experimental techniques, including the high-pressure synthesis and the pulsed laser deposition.
VI. ELECTRONIC STRUCTURE
Let us now move on to the electronic structure of the compounds that are shown to be dynamically stable in the previous section. Here, we discuss how the position of the bonding band between the interstitial s and the cation d xy orbitals that makes a large extra Fermi pocket in the 112 family changes when adopting the different types of BLs. To this end, we show the electronic band structures calculated for 10 representative dynamicallystable systems in Fig. 5 . For each material, we indicate the position of the band minimum of the bonding band, which occurs at (k x , k y ) = (π, π), by open circles. We see in the figure that the energy level of the bonding band is lifted from that of the 112 family for the all new nickelates.
To see this point more quantitatively, we compare the energy levels of the bonding band in Fig. 6 . Intriguingly, the nickelates belonging to the H 2 family are the most promising in that the energy level of the bonding band is significantly higher than the Fermi level, and only the Ni 3d x 2 −y 2 band makes the Fermi surface. See Table XI in Appendix D for the detail of the onsite level of the interstitial s and cation d xy orbitals, and the bandwidth of bonding and antibonding bands. In what follows, we look into the detail of the electronic structure of the four families. Figure 5 (a) shows the electronic band structure of LiNd 2 NiO 4 . We also show the Wannier function originating from the Ni 3d x 2 −y 2 orbital in Fig. 5(b) , which is the basis of the effective single-orbital model discussed -4 in Sec. VII. The bottom of the bonding band made from the interstitial s and the Nd 5d xy orbitals (indicated by the orange circle) is higher than that in the 112 family by 450 meV (see also Fig. 6 ). However, this bonding band still makes rather large Fermi pockets.
In the 1213 family, the trivalent ions (i.e., La 3+ and Nd 3+ ) used in the 1214 family are replaced with the divalent ions (i.e., Ca 2+ and Sr 2+ ). Then, the energy level of the cation d xy orbital becomes higher, which makes the energy of the bonding state higher. Also, because the 3d xy orbital in Ca 2+ and 4d xy orbital in Sr 2+ are spatially more localized than 5d xy orbital in La 3+ and Nd 3+ , the bandwidth of the bonding and antibonding bands becomes small, resulting in a smaller Fermi pocket. Indeed, in the 1213 family, the BL makes almost no extra Fermi pocket (see Figs. 5(c)-(e) and 6). In particular, in RbCa 2 NiO 3 , the extra Fermi pocket does not exist, so that the Fermi surface originates only from the Ni 3d x 2 −y 2 orbital.
We show the electronic band structures of the G-family La 2 NiO 2 B 2 , Nd 2 NiO 2 B 2 , and A 2 NiO 2 F 2 in Figs. 5(f), (g), and (h), respectively. The size of the Fermi pocket formed by the bonding band is again smaller compared to the 112 family. In the case of the 112 family, the interstitial s orbital is surrounded by cations. On the other hand, in the G family, the negatively charged halogen site is located near the interstitial s orbital, which makes the energy of the interstitial s higher. In La 2 NiO 2 B 2 , Nd 2 NiO 2 B 2 , this leads to large energy difference between the interstitial s and d xy orbitals, and the hybridization between the two orbitals becomes smaller. Therefore, the bonding-antibonding splitting is much smaller than that of NdNiO 2 , and consequently, the Fermi pocket formed by the bonding band becomes small. In the case of A 2 NiO 2 F 2 with A = Ba 0.5 La 0.5 , the energy level of the 5d xy orbital also rises because of the change of the valence of the cation from 3+ to 2.5+. This also leads to a smaller Fermi pocket even though the bonding-antibonding splitting is comparable to that of the 112 family.
We also show the electronic band structures of A 2 NiO 2 Cl 2 , A 2 NiO 2 Br 2 , and A 2 NiO 2 I 2 belonging to the H 2 family (Figs. 5(i), (j) and (k)). These materials have no Fermi pocket originating from the bonding band. The energy level of the interstitial s orbital in the H 2 family is very high. This is because the negatively-charged halogen site is located just on top of the interstitial site; thus the increase in the onsite level of the interstitial s orbital is even larger than that of the G family.
The energy minimum of the bonding state formed by the interstitial s and d xy orbitals is summarized in Fig. 6 . When the energy minimum is lower, the size of the Fermi pocket made by the bonding band is larger. We see that the energy minimum is highest for the H 2 family and lowest for LaNiO 2 . Our results indicate that the H 2 family would provide a firm ground to study the possibility of high-T c superconductivity in the Mott-Hubbard regime of the Zaanen-Sawatzky-Allen classification [39] .
VII. EFFECTIVE SINGLE-ORBITAL MODEL
As we have discussed in the previous sections, our proposed materials are closer to an ideal d 9 system compared to NdNiO 2 . Then, the electronic structure around the Fermi level is well described by the single-orbital model in the Mott-Hubbard regime. Here, we construct effective [40, 41] and the constrained random phase approximation (cRPA) [42] . The detail of the calculations can be found in Appendix A 4. Table II shows the hopping and interaction parameters of the single-orbital model. The band dispersion curves obtained by the constructed tight-binding Hamiltonians well reproduce those of the density functional theory calculations (see Fig. 5 ). The property of the single-orbital model is summarized as follows:
• All the materials are in the strongly correlated regime: |U/t| is around 7-11. Correlation strength is comparable to that of the cuprates [8, [43] [44] [45] [46] [47] [48] .
• The values of frustration parameter t /t lie between −0.29 and −0.24, which are also comparable to those of the cuprates [2, 8, 49] .
• Materials with large in-plane lattice constant tends to have small hopping integral t.
• When the cation-layer bonding orbital forms a Fermi pocket, it contributes to the screening of the Coulomb interaction, although the effect is not drastic to make the system weakly correlated [8] .
Therefore, when such a Fermi pocket is small or eliminated, the Hubbard U tends to become large. In particular, the H 2 -family nickelates have the most isolated Ni 3d x 2 −y 2 band; therefore, they have the strongest electron correlations.
VIII. MATERIALS DESIGN OF PALLADATE ANALOGUE OF HIGH Tc CUPRATES
Let us finally extend the above discussion to a systematic materials design of layered palladates with the d 9 configuration. The correlation strength would be weaker than that of nickelates; hence, by combining nickelates and palladates, we might be able to study a wide range of the |U/t| parameter region.
To seek dynamically stable d 9 layered palladates, we first optimized the structure parameters of the 57 palladates and then performed systematic phonon calculations. See Appendix C for the details of the methods. We see in Fig. 9 that only 6 compositions out of 57 are predicted to be dynamically stable. The stable compositions are ASr 2 PdO 3 (A = K, Rb, Cs), CsBa 2 PdO 3 , and G-type A 2 PdO 2 B 2 (B = F, Cl). Because Pd has a larger atomic radius than Ni, the structure tends to be stable when the elements in the BLs have a larger atomic radius compared to those in nickelates.
The electronic band structures of RbSr 2 PdO 3 in the 1213 family, A 2 PdO 2 F 2 and A 2 PdO 2 Cl 2 in the G family are shown in Figs. 7(a), (b), and (c), respectively. The band structure of RbSr 2 PdO 3 and A 2 PdO 2 Cl 2 have no extra Fermi surface originating from the interstitial s and d xy orbitals. The bandwidth of the Pd compounds is larger than that of the Ni compounds as expected.
As in the nickelates, we construct effective singleorbital models for the palladates. The Wannier interpolated bands can be found in Fig. 7 . The hopping and interaction parameters are shown in Table II . We see that:
• The kinetic energy scale is larger than that of nickelates.
• |U/t| in the palladates is smaller compared to that of nickelates because of the extended 4d orbitals making U smaller and t larger. Hence, the correlation strength is weaker. |U/t| is around 5-6.
• Material dependence of the correlation strength is the same as that of nickelates; when the Fermi pocket formed by the cation-layer bonding state is small or eliminated, the Hubbard U tends to become large. In particular, the Hubbard U in the Gtype A 2 PdO 2 Cl 2 is comparable to that of NdNiO 2 . 
IX. SUMMARY
We performed a systematic computational search for layered nickelates that are dynamically stable and whose electronic structure better mimics that of high-T c cuprates than Sr-doped NdNiO 2 .
While there is more than 10% self-doping of the Ni 3d x 2 −y 2 orbital in NdNiO 2 , by referring to the work by Tokura and Arima [21] for high-T c cuprates, and by performing comprehensive phonon calculations, we found new dynamically-stable layered nickelates where the selfdoping is almost or completely suppressed. We derived effective single-band models for the promising materials and found that they are in the strongly correlated regime: |U/t| is around 7-11. By replacing Ni with Pd, we also designed promising palladate analogues of high-T c cuprates. Once synthesized, these materials will provide a firm ground for studying the possibility of high-T c superconductivity in the Mott-Hubbard regime of the Zaanen-Sawatzky-Allen classification [39] . 
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Appendix A: Details of computational methods
Structural optimization
The structure optimization of the 1214-and 1213family nickelates was performed with the Vienna Ab initio Simulation Package (vasp) [51] . We used the projector augmented wave (PAW) [52, 53] potential sets recommended by vasp and set the kinetic energy cutoff to 600 eV for systems containing Li and 500 eV for the others. For the G-and H 2 -family nickelates, the structure optimization was conducted by using Quantum ESPRESSO (QE) [54] with the optimized norm-conserving Vanderbilt (ONCV) pseudopotentials [55] adopted from the Pseudo-Dojo [56] . Mixed pseudopotentials of Ba 0.5 La 0.5 and O 0.5 F 0.5 , generated based on the virtual crystal approximation (VCA), were used for representing the cation A and the anion B , respectively. The kinetic cutoff energy of 100 Ry was employed in the QE calculations. For both vasp and QE calculations, the k point mesh was generated automatically in such a way that the mesh density in the reciprocal space becomes larger than 450Å −3 . Also, 4f electrons of Nd and Lu were frozen in the core. Since phonon frequencies are rather sensitive to the lattice parameters, we employed the generalized-gradient approximation (GGA) with the Perdew-Burke-Ernzerhof parameterization for solid (PBEsol) [57] , which is reported to work well for predicting lattice parameters of oxides and other solids [58, 59] . The complete information of the optimized crystal structures is summarized in Appendix B and C.
Phonon calculation
The phonon calculations of the 57 layered nickelates were performed by computing second-order interatomic force constants with sufficiently large supercells. For quickly identifying dynamically stable compositions of the 1214 and 1213 families, we started the phonon calculations with 2×2×2 supercells, which contain 64 (56) atoms for the 1214 (1213) family. For each nickelate, the dynamical stability is assessed from the presence of unstable phonon modes; if an unstable phonon mode (ω 2 qν < 0) exists on the commensurate 2×2×2 q points, the composition is dynamically unstable and therefore excluded from the candidate list. After the first quick screening based on 2×2×2 supercells, we performed a second screening based on 4×4×2 supercells for confirming the dynamical stability of the candidate compositions. Since the number of explored composition is relatively few for the G-and H 2 -family, we only employed 3×3×1 conventional cells, which contain 126 atoms and therefore are sufficiently large, for judging the dynamical stability of the G-and H 2 -type nickelates. All of the phonon calculations were conducted by using alamode software [60, 61] .
Band structure calculation
The band structures and the maximally-localized Wannier functions (MLWFs) shown in Sec. VI are obtained by using the ab initio code OpenMX [22] . We employed the valence orbital sets Li8 for all the Pd-based compounds. The lattice constants obtained by the vasp and QE calculations, shown in Tables III-X, were used except for NdNiO 3 and LaNiO 3 ; for these 112-family nickelates, we used the experimental lattice constants [24, 25] . We employed the 12×12×12 k mesh for the 112 family, 12×12×8 k mesh for all other families.
cRPA calculation
The derivation of the single-band effective Hamiltonians shown in Secs. VII and VIII was performed by using RESPACK [62] [63] . First, we performed the DFT band structure calculations using QE [54] . We employed Perdew-Burke-Ernzerhof (PBE) [64] normconserving pseudopotentials generated by the code ON-CVPSP (Optimized Norm-Conserving Vanderbilt PSeudopotential) [55] , which were downloaded from the Pseu-doDojo [56] . The kinetic energy cutoff was set to be 100 Ry for the wave functions, and 400 Ry for the charge density. We used 11 × 11 × 7 k-mesh for 1213 and 1214 families and 11 × 11 × 11 k-mesh for G and H 2 families.
We constructed the maximally localized Wannier functions [40, 41] using RESPACK. The outer energy window was set as follows: The interaction parameters were calculated based on the cRPA method [42] , which is implemented in RESPACK. For the band disentanglement, we follow the scheme proposed in Ref. 65 . The energy cutoff for the dielectric function was set to be 20 Ry. The total number of bands used in the calculation of the polarization was 160. The maximum energy of the unoccupied bands reaches at least 40 eV with respect to the Fermi level.
Appendix B: Structural parameters and X-ray diffraction patterns of layered nickelates
The complete list of the structural parameters obtained after the structural optimization based on PBEsol is given in Tables III-VI. In these tables, the dynamically stable compositions are shown in boldface. For some dynamically stable nickelates, the powder X-ray diffraction patterns are calculated by using VESTA [50] and shown in Fig. 8 . X-ray diffraction patterns of the other nickelates can be calculated easily from the structure data shown in the tables. 10 
FIG. 8. X-ray powder diffraction patterns of several dynamically stable nickelates calculated by using the optimized structures. Different colors are used for different structural prototypes.
Appendix C: Structural parameters and phonons of layered palladates
The structure optimization and phonon calculation of the 57 studied palladates were performed by using exactly the same computational conditions as nickelates described in Appendix A 1 and A 2. The structural parameters of the studied palladates obtained after the structural optimization based on PBEsol are given in Tables VII-X. In these tables, the dynamically stable compositions are shown in boldface. Also, the calculated phonon dispersion curves of the 57 palladates are summarized in Fig. 9 . TABLE XI . Energy of the interstitial s orbital and the cation dxy orbital in the Ni-based compounds. Es and E dxy are the onsite potentials of the s and dxy Wannier orbitals, respectively. E k b and E k a are the energy levels of the bonding and antibonding states between the s and dxy orbitals at the k point, respectively. ∆E sd is the energy difference between the s and dxy states, ∆E sd = Es − E dxy .Ē sd is the average of Es and E dxy . ∆E k ba is the energy difference between the bonding and antibonding bands at the k point. The unit for length isÅ. The energy is measured with respect to the Fermi level in units of eV. Es and E dxy are the onsite potentials of the s and dxy Wannier orbitals, respectively. E k b and E k a are the energy levels of the bonding and antibonding states between the s and dxy orbitals at the k point, respectively. ∆E sd is the energy difference between the s and dxy states, ∆E sd = Es − E dxy .Ē sd is the average of Es and E dxy . ∆E k ba is the energy difference between bonding and antibonding bands at the k point. The unit for length isÅ. The energy is measured with respect to the Fermi level in units of eV. 
